Objective: The goal of this 5-year naturalistic study of patients treated with clozapine was to examine the incidence of treatment-emergent diabetes mellitus in relation to other factors, including weight gain, lipid abnormalities, age, clozapine dose, and treatment with valproate.
mean baseline weight was 175.5 lb, and the mean body mass index was 26.9 kg/ m 2 . Thirty patients (36.6%) were diagnosed with diabetes during the 5-year follow-up. Weight gain, use of valproate, and total daily dose of clozapine were not significant risk factors for developing diabetes mellitus. Patients experienced significant weight gain that continued until approximately month 46 from initiation of clozapine. There was a nonsignificant increase in total serum cholesterol and a significant increase in serum triglycerides level.
Conclusions:
The results support the hypotheses that patients treated with clozapine experience significant weight gain and lipid abnormalities and appear to be at increased risk for developing diabetes. Cl ozapine remains the most effective agent for the treatment of refractory schizophrenia, producing response in 30% of patients with treatment-resistant schizophrenia in a 6-week trial (1) and up to 60% at 6 months (2). Although clozapine produces fewer extrapyramidal side effects than conventional neuroleptics, clozapine is not without side effects, and they include agranulocytosis, seizures, sedation, weight gain, constipation, and hypersalivation (3) . A program of weekly blood monitoring coordinated by the Clozapine National Registry is credited with reducing the incidence of agranulocytosis from approximately 1%-2% to 0.38% over a 5-year period in the United States (4, 5) .
Clozapine is reported to reduce violence, aggression, and suicide in schizophrenia (6, 7) . Treatment with clozapine has been reported to reduce the lifetime risk of suicide in patients with schizophrenia from 10%-15% to levels that approach the lifetime risk in general population (8, 9) . Walker and colleagues (9) found that mortality from all causes was decreased by clozapine, except for respiratory diseases, pulmonary embolism, and cardiac conduction disorders. Overall, it appears that clozapine reduces a number of factors associated with a high rate of morbidity and mortality in patients with schizophrenia.
However, clozapine has recently been linked to hypertriglyceridemia (10) , obesity (11) (12) (13) (14) , and diabetes (15) (16) (17) (18) (19) , all risk factors for cardiovascular diseases (20) . Several studies have reported substantial weight gain with clozapine (11) (12) (13) (14) , and weight gain was significantly correlated with clinical response to clozapine in two studies (13, 21) . Obesity is associated with an increased risk for hypertension, dyslipidemia, insulin resistance, type 2 (non-insulindependent) diabetes mellitus, cardiovascular disease, respiratory dysfunction, and gallstones (22) .
Recent case reports have linked clozapine to diabetic ketoacidosis (15) (16) (17) 23) and hyperglycemia (24) . Popli and colleagues (18) described four cases in which clozapine was associated with exacerbation of diabetes mellitus or new-onset diabetes mellitus not attributable to weight gain. Wirshing and colleagues (19) described four cases of clozapine-associated diabetes and two cases of olanzapine-associated diabetes. Finally, Hagg and colleagues (25) recently reported that 12% of patients treated with clozapine developed type 2 diabetes mellitus and 10% developed impaired glucose tolerance, compared to 6% and 3%, respectively, of patients treated with conventional depot neuroleptics. Although the increased rates of diabetes and impaired glucose tolerance with clozapine did not achieve statistical significance in that study, patients in the conventional neuroleptic group were older, which may have influenced the results. For example, Mukherjee and colleagues (26) found a 15.8% overall prevalence of diabetes in 95 schizophrenia patients. Diabetes occurred in none of the patients younger than 50 years old, in 12.9% of pa-tients age 50-59 years, in 18.9% of patients age 60-69, and in 16.7% of patients age 70-74. Diabetes was significantly more common in neuroleptic-free patients than in patients treated with neuroleptics, after controlling for age, sex, and cumulative duration of neuroleptic treatment. These results exceeded expected rates of type 2 diabetes in the general population, which are 1.3% in persons age 18-44 years, 6.2% in persons age 45-64, and 10.4% in persons age 65 and older (27) . Several additional studies have also found increased rates of diabetes or hyperglycemia in schizophrenia but no association with conventional antipsychotic agents (28) (29) (30) . It is not clear if the increased rates are secondary to increases in insulin-dependent or non-insulin-dependent diabetes mellitus.
Medications have been implicated as potentially impairing glucose metabolism include centrally acting α blockers, β blockers, corticosteroids, cyclosporine, phenytoin, phenothiazines, thiazide diuretics, and oral contraceptives containing norgestrel (28, (31) (32) (33) (34) (35) (36) . Valproate has been found to induce a metabolic syndrome characterized by centripetal obesity, hyperinsulinemia, lipid abnormalities, polycystic ovaries, and hyperandrogenism in women with epilepsy (37, 38) .
The goal of this 5-year naturalistic study was to examine, in patients started on clozapine, the incidence of treatment-emergent impaired glucose tolerance and diabetes mellitus in relation to other factors, including weight gain, serum triglycerides and cholesterol levels, age, and treatment with valproate.
Method
This study was conducted in the outpatient clinic of an urban mental health center. The clinic's clozapine program began in 1991 after clozapine was introduced to the U.S. market, and by 1993 the program had expanded to care for more than 100 patients. The clinic offers a comprehensive one-stop program in which patients have their blood sampled, attend a psychoeducational group meeting, meet with their psychiatrist or clinical nurse specialist, and receive clozapine from a pharmacist before leaving the clinic. Patients' vital signs and weight are measured weekly for 4 weeks after initiation of clozapine and then monthly for as long as they are treated with the medication. Screening laboratory tests, performed at baseline and every 6 months, include fasting blood glucose level, electrolytes levels, renal function test, liver function tests, and cholesterol and triglycerides levels. Most patients begin taking clozapine as outpatients.
Data for this study were collected from the medical records and included age, gender, race, diagnosis, family history of diabetes, and age at clozapine initiation. Data on vital signs at 1-month intervals and data on clozapine dose, use of valproate, and laboratory test results at 6-month intervals were recorded from clinical charts. When data were not available, additional information was sought in relevant inpatient records and general medical records.
The diagnosis of diabetes was based on the American Diabetes Association criterion of a fasting blood glucose level equal to or greater than 140 mg/dl on two occasions (39, 40) . Patients who experienced one fasting blood glucose equal to or greater than 140 mg/dl were given a nonconfirmed diagnosis of diabetes. Treating psychiatrists were expected to intervene when a fasting blood glucose equal to or greater than 140 mg/dl was reported.
Although patients were instructed to fast before the morning blood sampling, it is possible that some of the values were random blood glucose. The data were analyzed by combining definitive cases of diabetes with nonconfirmed cases.
The Expert Committee on the Diagnosis and Classification of Diabetes Mellitus in 1997 modified the diagnostic criteria for the diagnosis of diabetes as follows: symptoms of diabetes plus a casual plasma glucose concentration equal to or greater than 200 mg/dl; or a fasting blood glucose level equal to or greater than 126 mg/dl or a 2-hour blood glucose level equal to or greater than 200 mg/dl during an oral glucose tolerance test (41). For epidemiological studies, estimates of diabetes should be based on a fasting blood glucose equal to or greater than 126 mg/dl. Therefore, the data were also analyzed by using this criterion.
This study examines the course of diabetes and weight gain associated with clozapine treatment at 6-month intervals over a 5-year period. Time to development of diabetes or nonconfirmed diabetes, defined as the first follow-up visit at which fasting blood glucose was greater than or equal to 140 mg/dl, was analyzed by means of survival methods. We also present data on patients who were diagnosed and treated for diabetes by their primary care physicians during the 6-month intervals between our fasting blood glucose determinations. Changes in weight, serum cholesterol, and serum triglycerides were treated as continuous variables and analyzed in all patients by means of longitudinal methods.
Proportional hazards regression was used to test the association between the covariates and the development of diabetes. Age and gender were analyzed as baseline covariates, and body mass index, cholesterol level, clozapine total daily dose, triglycerides level, and weight were analyzed as time-dependent covariates. In addition, change from baseline in body mass index, cholesterol and triglycerides levels, and weight were analyzed as time-dependent covariates. Each covariate was analyzed separately by using time as a stratum and handling times with the discrete option in the SAS phreg procedure. This procedure replaces the proportional hazards model with the discrete logistic model so that odds ratios rather than hazard ratios are computed. The Kaplan-Meier estimate of time to development of diabetes was computed. Changes from baseline in weight and cholesterol and triglycerides levels were analyzed by using a mixed-effects model. This model has fixed linear and quadratic terms for time and random intercept and linear and quadratic terms for time for each patient. The fixed effects estimate the mean parabolic trajectory of the change from baseline, and the random effects allow a separate trajectory for each patient.
To test for an association of time-dependent covariates (weight gain, triglycerides level, cholesterol level) with changes from baseline, the mixed-effects model was augmented with a fixed and a random covariate effect. This model tests for a dependency of change from baseline with the covariate beyond that already explained by passage of time. To test for an association between treatment for diabetes and change from baseline, the mixed-effects model was augmented with fixed treatment-by-time and treatment-by-time squared terms. These terms allow a different mean parabolic trajectory in each treatment group. All p values are two-tailed at the significance level of 0.05.
Baseline and follow-up descriptive statistics were tabulated. The incidence of abnormal fasting blood glucose level at each time point was tabulated.
Results
Demographic information and baseline measures are shown in Table 1 . Data were obtained for 101 patients who had been treated with clozapine for at least 1 year. Nineteen patients were eliminated from the glucose analysis because of a known history of diabetes mellitus before initiation of clozapine (N=5) or a baseline fasting blood glucose greater than or equal to 140 ng/ml (N=6) or because data on baseline fasting blood glucose or weight were not available (N=8). Of the five patients with a known history of diabetes, two were treated with insulin and three with an oral hypoglycemic agent. Both of the insulin-treated patients required an almost twofold increase in their insulin requirements after initiation of clozapine. Two of the three patients treated with oral agents went on to require insulin after clozapine initiation.
Glucose Analysis
Fasting blood glucose equal to or greater than 140 mg/dl. During the 60-month study, 43 of the 82 patients (52.4%) experienced at least one episode of elevated fasting blood glucose (fasting blood glucose value greater than or equal to 140 mg/dl). Twenty-four patients (29.3%) had one elevated fasting blood glucose value, and 19 (23.2%) had two or more abnormal values. After initiation of clozapine, 25 of the 82 patients (30.5%) were diagnosed with adult-onset type 2 diabetes mellitus by primary care physicians. Seven patients were treated with dietary interventions to manage the diabetes. One of these patients had no abnormal fasting blood glucose values according to our data, but was diagnosed and treated by his primary care physician. Of the seven patients initially treated with dietary interventions, four subsequently required an oral agent.
Fourteen patients were treated with an oral agent. Four patients required treatment with insulin. One of these four patients had only one abnormal fasting blood glucose value, and his condition appeared to be well controlled with insulin treatment. The remaining three had numerous abnormal values and required frequent clinical interventions to manage their diabetes. One patient, a 19-yearold Hispanic man, experienced two episodes of diabetic ketoacidosis within 6 months after initiation of clozapine and required hospitalization in an intensive care unit. His condition may have been unrelated to clozapine and may represent a case of type 1 diabetes mellitus. After this patient's first episode of diabetic ketoacidosis, his clozapine dose was lowered from 400 mg/day to 200 mg/day and a conventional neuroleptic was added. One month later, the clozapine dose was increased to 300 mg/day because of psychiatric decompensation. Within 4 weeks of the increase, he experienced the second episode of diabetic ketoacidosis. Subsequently, the patient has remained stable on 200 mg/day clozapine, haloperidol decanoate, 100 mg i.m. every 4 weeks, and insulin.
All four patients requiring treatment with insulin gained more than 40% of their body weight (the patient with diabetic ketoacidosis gained more than 100 lb) and experienced abdominal obesity, elevated serum triglycerides, and hypertension. Surprisingly, 15 patients with one abnormal fasting blood glucose value and five patients with two or more abnormal values had received no treatment or attention related to these findings before data for this study were collected. The five patients with two or more abnormal values were subsequently referred, diagnosed, and treated for diabetes (two were treated with dietary intervention and three with an oral agent). Overall, 30 of 82 patients were diagnosed with diabetes and treated by their primary care physicians (confirmed cases) during the 60-month period. Although the small number of non-Caucasian patients precluded an analysis based on race, two of three African American patients and two of three Hispanic patients had abnormal fasting blood glucose values and required treatment for diabetes. One of the two African American patients and one of the two Hispanic patients were treated with insulin, and the others were treated with oral agents.
The proportional hazards regression analysis indicated that age was significantly correlated with the development of diabetes or nonconfirmed diabetes; the odds ratio was 1.07 per year of age (proportional hazards regression, χ 2 = 7.77, df=1, p<0.01). For example, a patient receiving clozapine who was 50 years old has a 3.52 greater chance of developing diabetes than a patient receiving clozapine who is 30 years old (odds ratio n , where n=the unit (years) difference; in this example, 1.065 20 =3.52).
Sex was not a significant risk factor for the development of diabetes or nonconfirmed diabetes in this population. Neither were weight, change in weight, body mass index, or change in body mass index associated with the development of diabetes or nonconfirmed diabetes. Overall total serum cholesterol was not associated with development of diabetes or nonconfirmed diabetes. The change in cholesterol over time (1-month units) was nonsignificantly associated with diabetes or nonconfirmed diabetes; the odds ratio was 1.01 per mg/dl cholesterol (proportional hazards regression; χ 2 =3.73, df=1, p=0.054). For example, an increase in cholesterol of 40 mg/dl increased the risk of developing diabetes to 1.38 (1.008 40 ). Overall serum triglycerides level was nonsignificantly associated with development of diabetes or nonconfirmed diabetes (proportional hazards regression, χ 2 =2.81, df=1, p=0.094; odds ratio=1.00 per mg/dl), and change in serum triglycerides was also nonsignificantly associated with development of diabetes or nonconfirmed diabetes (proportional hazards regression, χ 2 =3.76, df=1, p=0.053; odds ratio=1.00 per mg/dl). For example, a patient whose level of serum triglycerides increased by 60 mg/dl had a 1.13 chance of developing diabetes (1.001 60 ) relative to a patient who did not have an increase in serum triglycerides.
There was no association between the daily dose of clozapine (mg/day) or the use of valproate and the development of diabetes or nonconfirmed diabetes. Although family history is a strong predictor in the general population, only two of the 82 patients reported a family history of diabetes.
Fasting blood glucose equal to or greater than 126 mg/dl. During the 60-month study, 55 of 82 patients (67.1%) experienced at least one episode of elevated fasting blood glucose (fasting blood glucose equal to or greater than 126 mg/dl). Twenty-seven (32.9%) had one elevated fasting blood glucose value, and 28 (34.1%) had two or more elevated fasting blood glucose values. Age, sex, weight, change in weight, body mass index, change in body mass index, cholesterol, change in cholesterol, clozapine daily dose, or the use of valproate were not associated with the development of diabetes or nonconfirmed diabetes in this group. Development of diabetes or nonconfirmed diabetes was significantly associated with serum triglycerides level (proportional hazards regression, χ 2 =4.96, df=1, p=0.03; odds ratio=1.00 per mg/dl) and nonsignificantly associated with change in serum triglycerides level (proportional hazards regression, χ 2 =3.28, df=1, p= 0.07; odds ratio=1.00 per mg/dl).
Weight
The mixed-effects model indicated that weight significantly increased over time among the 82 study patients; the linear coefficient was 1.16 lb/month (SE=0.18) (mixedeffects model, t=6.62, df=80, p=0.0001), and the quadratic coefficient was -0.01 lb/month 2 (SE=0.00) (mixed-effects model, t=-4.53, df=79, p=0.0001) (Figure 2 ). Weight gain also significantly correlated with change in total serum cholesterol (linear coefficient=0.09 lb/mg/dl, SE=0.04; mixed effects model, t=2.41, df=53, p=0.02) and with change in serum triglycerides (linear coefficient=0.02 lb/ mg/dl, SE=0.01; mixed-effects model, t=2.86, df=49, p= 0.006), when the analysis controlled for time and time squared. Clozapine daily dose (mg/day) did not correlate with weight change nor did any treatment for diabetes. To examine whether weight gain leveled off over time, we analyzed the data from 12 months to 60 months after initiation of clozapine. There was a significant linear coefficient of 0.34 lb/month (SE=0.08) in weight gain from 12 to 60 months (mixed-effects model, t=4.07, df=60, p=0.0001). Patients continued to gain weight until approximately month 46, when weight gain appeared to level off. 
Other Variables
There was a nonsignificant increase in total serum cholesterol over the 60-month study period (linear coefficient=0.32 mg/dl per month, SE=0.12; mixed-effects model, t=1.61, df=67, p=0.11). There was a significant increase in serum triglycerides level (linear coefficient=2.75 mg/dl per month, SE=1.28) (mixed-effects model, t=2.14, df=61, p=0.04), which was associated with change in total serum cholesterol (linear coefficient=1.64 mg/dl per mg/ dl of total serum cholesterol, SE=0.36) (mixed-effects model, t=4.61, df=60, p=0.0001). The change in serum triglycerides also showed a nonsignificant association with daily clozapine dose (linear coefficient=0.11 mg/dl per mg of clozapine, SE=0.05) (mixed-effects model, t=1.98, df=60, p=0.054). The change in serum triglycerides was not affected by treatment for diabetes.
Discussion
The results of this 5-year naturalistic study confirm our clinical observation and reports in the literature of relatively high rates of new-onset diabetes mellitus during treatment with clozapine. The rate of new-onset diabetes was constant over the 5-year follow-up period and totaled 52% at the end of 5 years, as defined by a single fasting blood glucose equal to or greater than 140 mg/dl, or 67%, as defined by a fasting blood glucose equal to or greater than 126 mg/dl. Perhaps the most compelling finding is that 25 of 82 patients who began taking clozapine (30.5%) were subsequently diagnosed and treated for diabetes by their primary care physicians and an additional five patients were diagnosed after completion of data collection for this study. All told, 30 of 82 patients (36.6%) were diagnosed with diabetes.
In the absence of a comparison group in this study, we must rely on previous studies to estimate the degree to which clozapine elevates rates of diabetes above baseline in patients with schizophrenia. Although some work indicates that patients with schizophrenia have an increased risk of diabetes, it appears that diabetes is uncommon in schizophrenia patients younger than 50 years of age (25) . The mean age of the patients in our study was 36.4 years (SD=7.8), and only four (4.9%) were older than age 50. However, schizophrenia may be associated with an increased prevalence of diabetes that is not entirely explained by pharmacological treatment (26) . This area requires further clarification with prospective studies.
One difficulty with our method is that we cannot be certain that all glucose determinations were fasting values. This limitation may have resulted in an overestimation of the incidence of diabetes or nonconfirmed diabetes. On the other hand, several patients were diagnosed with diabetes and treated during the 6-month periods between the fasting blood glucose measurements done for this study; after initiation of treatment some of these patients did not have abnormal blood glucose values. A reasonable estimate of the true incidence of new cases of diabetes during the 60-month study period is 36.6%, which is based on the total number of cases diagnosed during the 60-month period (N=25) plus additional cases diagnosed by primary care physicians after data collection (N=5). The rate of onset of diabetes was similar during each of the 6-month intervals throughout the 5-year study period.
The 1997 changes in criteria for the diagnosis of diabetes by the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus were intended to more accurately identify patients with diabetes (41). In general, in the United States, diabetes is underdiagnosed. The use of the criterion of a fasting blood glucose value equal to or greater than 126 mg/dl likely resulted in an overestimation of diabetes or nonconfirmed diabetes in this study.
It is surprising that weight gain was not a significant risk factor for developing diabetes. We observed patients who did not gain weight while taking clozapine, but who did develop diabetes, suggesting that mechanisms other than obesity may be involved in non-insulin-dependent diabetes associated with clozapine treatment. However, weight gain was characteristic of patients who developed insulinrequiring diabetes.
Weight gain with clozapine has been well documented (11) (12) (13) (14) 21) . Patients in our study gained the greatest amount of weight during the first 12 months taking clozapine, and, in contrast to previous reports, they continued to gain weight until approximately month 46. This weight gain occurred despite active weight loss programs involving diet and exercise. The roles of two important potential risk factors, race and genetics, could not be adequately examined in this study. The majority of published case reports of clozapineassociated diabetes have involved African Americans, who appear to be at a higher risk for diabetes compared to the general population (15) (16) (17) (18) 24) .
Another potential risk factor is the lack of physical activity. Patients are frequently less active because of the sedating quality of clozapine. Exercise may be a protective factor for type 2 (non-insulin-dependent) diabetes mellitus and glucose intolerance (42) . Our patients generally had a diet high in fat and carbohydrate with minimum exercise. During the 5-year period, a number of initiatives to improve dietary habits and exercise were minimally successful and short-lived.
The role of dietary factors also merits further study. Increased dietary intake of saturated fat has been observed in subjects who subsequently develop type 2 (non-insulin-dependent) diabetes mellitus (43, 44) . The significant increase in serum triglycerides in our study is consistent with the finding of Ghaeli and Dufresne (10) that subjects taking clozapine had a higher serum triglycerides level than subjects taking conventional antipsychotic agents. Plasma triglycerides may be an independent risk factor for coronary atherosclerosis (45) . Many patients in our study received treatment with lipid-lowering agents, which may have affected the results.
The mechanism by which clozapine produces diabetes is not known but could involve suppression of insulin release, insulin resistance, or impairment of glucose utilization. Wirshing and colleagues (19) suggested that clozapine's interaction with specific serotonin receptors may result in these metabolic abnormalities.
The data suggest that, if clozapine affects glucose metabolism, the elevated risk of developing diabetes continues as long as the treatment. Further controlled studies are required to determine the magnitude and mechanism of clozapine's impairment of glucose metabolism. We recommend that patients who take clozapine be screened every 6 months for diabetes and lipid abnormalities with a fasting blood glucose determination. When such an assessment is difficult because of the timing of the blood sampling or poor patient compliance with fasting, random blood glucose measurement should be used. Any abnormal result should be followed up with more accurate tests, such as a fasting blood glucose test, measurement of glycohemoglobin, or an oral glucose tolerance test. We were struck by how often the treating psychiatrist ignored abnormal blood glucose results, and we suspect this pattern may occur in other mental health centers. We encourage psychiatrists to play an active role in the medical care of their patients with chronic mental illness, which includes monitoring and responding to regular screening laboratory tests as well as recording weight and blood pressure monthly. Appropriate interventions in addition to health education and smoking cessation programs may further reduce medical morbidity and mortality in patients treated with clozapine.
